temporal modulation of a spatially uniform field, the average discharge declined over several seconds. To Introduction explore this, we stimulated neurons by modulating the luminance of a spatially uniform achromatic patch disThe appearance of a pattern depends on the context in played on a television monitor. The patch was considerwhich it is viewed. Prolonged viewing of a simple pattern ably larger than the receptive field, on which it was usually leads to a change in both its appearance and centered, and was modulated in time by a binary noise that of similar patterns viewed afterwards (Blakemore sequence with a new sample on each displayed frame and Campbell, 1969), a phenomenon referred to as con-(90 Hz). Figure 1A shows the average discharge of an trast adaptation. The aftereffects of adaptation are con-M cell before, during, and after a 20 s presentation of fined to patterns of similar orientation, and since orientathe noise. The noise had no immediate effect on the tion-selective mechanisms are not found before cortex average discharge rate, but after its removal the main- responses to such stimuli might never be strong enough to reveal changes brought about by adaptation. We therefore explored adaptation to high-contrast moving
tions of a grating of unit contrast. The screen was blank at the mean luminance for 20 s between each presentation. The response declined negligibly over the adapting period, but after grating offset, the maintained discharge dropped just as it did following noise stimulation and recovered with the same time course. This occurred in all M cells.
The drop in the maintained discharge caused by adaptation was accompanied by markedly reduced responsivity. This was readily revealed by measuring the response to a low-contrast test grating, otherwise identical to the adapting grating, before and after adaptation. LGN cells in cat). In this as in all M cells, the response amplitude (first harmonic) was greatly depressed by adaptation; it recovered with the same time course as the maintained discharge. In 11 M cells (not shown), we explored the effects of adapting to a range of contrasts: adapting gratings were generally ineffective unless their contrasts exceeded 0.15 (a contrast that evokes strong, rectified, but not yet saturating responses), and the effectiveness of the adaptor increased with contrast. Yet at no contrast did the response to the adapting grating decline substantially during the adapting period. This apparent paradox most likely reflects the saturation of responses to contrasts above about 0.2: adaptation at any particular contrast is never strong enough to bring the response out of saturation.
Modeling the Change in Response
The loss of response to weak stimuli might reflect either a change in contrast gain or an increase in the neuron's threshold for generating action potentials (hyperpolarization), resulting in greater rectification of responses (e.g., Kim and Rieke, 2001 ). To determine how these two tor potential (A ) allowed to vary between conditions. In before, during, and after presentation of a unit contrast grating of the unadapted state, the response was nearly sinusoioptimal spatial frequency, moving at 11 Hz. Before and after this dally modulated around a mean, with no rectification, presentation, grating contrast was fixed at 0.08. Inset histograms show the discharge sampled in 2 s epochs starting at the specified but in the adapted state the response was strongly rectitimes before and after presentation of the high-contrast grating. Sclar et al., 1989) . We used gratings of optimal spatial frequency, allowed the gain of the generator signal (G ) also to vary between the two states, the fits did not improve. This moving at a rate close to optimal for each cell (usually 11 Hz). The trace in Figure 1B shows the average dissuggests that contrast adaptation reflects predominantly a change in the mean membrane potential. charge rate of the M cell of Figure 1A, Figure 2B ) and apparently a drop in the contrast gain ( Figure 2C ) but had no effect on the maximum response of the neuron. Figure 2C ). Although our modeling suggests that much of contrast adaptation can be explained by a change in mean membrane potential, measurements obtained with extracellular recordings do not tightly constrain the contribution. Experimentally, the effects of adaptation can be captured by characterizing either the change in the rate of maintained discharge or the change in contrast gain-the contrast eliciting half the maximal modulated response (c 50 ; the maximum response was that elicited by a contrast of 1.0 in the unadapted state). Figure 2D shows 
how much this threshold will change we need to consider not just the reduction in contrast gain but also where c is stimulus contrast, R is the amplitude of the the noisiness of discharge, which adaptation might also first harmonic component of response, R max is the asympalter. Among M cells we found that adaptation did alter totic response to a high-contrast stimulus, and n and c 50 the variability of the discharge, but only at low contrasts: define, respectively, the steepest slope of the contrastthe ratio of response variance to response mean at a response function and the contrast at half-maximum contrast of 0. which adaptation caused any loss of contrast sensitivity, 0.27. Among the five neurons that received input from adaptation slightly increased the detection threshold, S cones (all S-On), we saw even less adaptation than without improving the discriminability of high-contrast in P cells ( Figure 3C) . gratings.
Effect of Adaptation on Contrast Detection Stimulus Specificity and Locus and Discrimination of Contrast Adaptation The change in contrast gain (c 50 ) brought about by adap-
In most M cells, we measured the effects of adaptation to gratings of different contrasts and several spatial tation will increase a cell's contrast threshold for de- Figure 4B ), but much less well to those modulated at low temporal frequenin maintained discharge) were substantially accounted for by the change observed in the retinal ganglion cell. cies, which were poor adapters ( Figure 4A ). The exception to this general rule was adaptation to temporally
The very different effects of contrast adaptation on M and P cells suggest that the adaptation occurs after modulated uniform fields: by comparison with other suboptimal adapting stimuli that evoked responses of simithe M and P pathways diverge, but we do not know that it originates in ganglion cells. Some additional results lar amplitude, this caused a disproportionately large reduction in response to the test grating (Table 1) . We bear on this question. When the adapting pattern was presented to an M cell as a counterphase-flickering gratthink this happens because adaptation observed in LGN originates in retinal ganglion cells, which are relatively ing in the spatial phase for peak response, it had the expected effect on the contrast-response curve, but more responsive to (and therefore readily adapted by) spatially uniform fields (Kaplan et al., 1987) . We obtained when presented in the phase for null response it did not adapt the cell. This must mean that adaptation arises direct evidence on the retinal origin of adaptation from three M cells for which we were able to record, concurat or after the site of spatial pooling within the ganglion a In the base adapting condition (optimal configuration), adapters were of the optimal spatial and temporal frequency for the cell, at a contrast of 1.0. Other adapting conditions differed from the base condition as follows. To test the orientation and direction specificity of adaptation (different direction), we used adapting gratings that were either orthogonal to, or moved in the opposite direction to, the test grating. To explore the effect of low spatial frequency adapters, we used spatially uniform fields modulated at the same temporal frequency as the test (Figure 2A) and to the two sets of contrast-response curves (Figures 2B and 2C) . The linear-nonlinear pathway has no influence on cortical neurons that adapt cascade (LN) model is like that of Chander and Chichilnisky (2001) we had. From these bootstrapped fits, we were able to estimate the mean and variance of response, and of the maintained discharge, at and Kim and Rieke (2001). For sinusoidal modulation in time, we represent the ganglion cell's spike generator signal (g ) as a sinusoiarbitrary contrast levels from 0 to 1. dal modulation around a mean followed by rectification:
Estimating Discriminability of Responses f(ø) ϭ A ϩ G · c sin(ø ϩ p ) (2) To estimate contrast threshold, we generated receiver-operator characteristic (ROC) (Tolhurst et al., 1983 ) curves for each cell from g(ø) ϭ max(f (ø),0), (3) responses derived by the bootstrap procedure described above. The probability of detection at a particular contrast is determined where ø is the temporal phase of the grating, A is the resting generator signal, c is the amplitude of modulation (contrast) of the stimulus, by how much the distribution of bootstrapped responses overlaps that for maintained discharge to a gray screen. G is the contrast gain of the generator signal, and p is a phase offset. The rectification step in Equation 3 mimics a hard threshold To estimate dЈ, we follow Green and Swets (1966): for the production of spikes. The relationship between the generator signal and spike rate R is given by dЈ ϭ 1 Ϫ 2 √( 
where 1 and 2 are the measured mean response rates at the two contrasts, and 1 2 and 2 2 are the corresponding variances. where R max is the maximum firing rate, g 50 is the generator signal that brings about half maximum firing rate, and n is an output expo
